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The ARGONAUTE gene family is involved in the regulation of gene expression via the RNAi Silencing Complex (RISC). microRNA
(miRNA) are 20–22bp RNAs that direct RISC to target genes. Several miRNA have been characterized in plants. Their roles include control
of flowering time, floral organ identity, cell division patterns, and leaf polarity. ARGONAUTE1 (AGO1) is required for stem cell function
and organ polarity, as is the closely related protein PINHEAD/ZWILLE (PNH/ZLL). Through phenotypic and double mutant analysis, we
show that AGO1 regulates stem cell function via SHOOT MERISTEMLESS (STM). CUPSHAPED COTYLEDONS1 and 2 (CUC1 and
CUC2) positively regulate STM and are targets of miRNA. The effect of AGO1 on leaf polarity is dependent, in part, on its role in meristem
function revealed by interactions with ASYMMETRIC LEAVES1(AS1). AGO1 is required for full expression of LEAFY (LFY), APETALA1
(AP1) and AGAMOUS (AG). Flowering time is unaffected but floral meristem identity is partially restored in a curlyleaf (clf) background
and this is not due to clf ’s affects on AG expression. CLF is over expressed in ago1, showing that the RNAi pathway regulates polycomb-
type epigenetic modifiers.
D 2005 Elsevier Inc. All rights reserved.
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RNAi mediates transgene silencing both post-transcrip-
tionally and at the transcriptional level in plants and is
required for viral defense (Hamilton and Baulcombe, 1999;
Jones et al., 1999; Voinnet et al., 1999). A role for RNA
interference in chromatin modification at repeats and trans-
posons has also been demonstrated in plants (Chan et al.,
2004; Lippman et al., 2003; Zilberman et al., 2003). It is
likely therefore that RNA interference has an ancient role in
chromatin modification, especially at centromeres. How-
ever, in multicellular plants and animals, RNA interference0012-1606/$ - see front matter D 2005 Elsevier Inc. All rights reserved.
doi:10.1016/j.ydbio.2005.01.031
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EH9 3JR, UK.has many additional roles in development, mediated by
microRNAs (miRNA) (reviewed in Bartel, 2004).
Large numbers of miRNA have been cloned from
animals, plants and fungi (Bonnet et al., 2004; Floyd and
Bowman, 2004; Lagos-Quintana et al., 2001; Lau et al.,
2001; Lee and Ambros, 2001; Llave et al., 2002a; Park et
al., 2002; Reinhart and Bartel, 2002; Reinhart et al., 2002;
Wang et al., 2004). In C. elegans, miRNAs match their
targets imperfectly so the targets are difficult to identify
from the miRNA sequence alone. However, this is not the
case in plants and several developmental regulators are
among the targets and putative targets of miRNAs (Achard
et al., 2004; Aukerman and Sakai, 2003; Chen, 2004; Floyd
et al., 2004; Jones-Rhoades and Bartel, 2004; Juarez et al.,
2004; Kidner and Martienssen, 2004; Laufs et al., 2004;
Llave et al., 2002b; Mallory et al., 2004a,b; McHale and
Koning, 2004; Palatnik et al., 2003; Rhoades et al., 2002;
Vaucheret et al., 2004; Xie et al., 2003).
Mutations that affect the production or function of
miRNAs are therefore expected to have developmental280 (2005) 504–517
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(dcl1), which fails to accumulate most miRNAs (Reinhart et
al., 2002) and has pleiotropic defects (Golden et al., 2002;
Jacobsen et al., 1999). DCL1 is one of 4 genes related to
DICER, which play interrelated roles in the RNAi pathway
(Finnegan et al., 2003; Tang and Zamore, 2004; Xie et al.,
2004). DICER is required to process small interfering RNAs
(siRNA) in Drosophila and the let7 miRNA in C. elegans
(Bernstein et al., 2001; Grishok et al., 2001) and to process
miRNA precursors in plants (Finnegan et al., 2003; Xie et al.,
2004).
AGO1-like proteins are part of the RISC complex
(Hammond et al., 2001; Rand et al., 2004). They bind
miRNA and cleave the target mRNA (Liu et al., 2004;
Meister et al., 2004; Song et al., 2004). There are large
numbers of AGO1 homologs in plants and animals,
suggesting that different AGO1 proteins could specify
different small RNA pathways. This is supported by the
distinct phenotypes of ago-like mutants and by the distinct
activities and associations of dAGO1 and dAGO2 in
Drosophila cell lines (Caudy et al., 2002).
Mutants in an AGO1-like gene in C. elegans (rde1) were
recovered in screens for resistance to RNAi but had no other
phenotype (Tabara et al., 1999). In contrast, PIWI and related
genes are required for stem cell maintenance in the germ line
of both Drosophila and C. elegans (Cox et al., 1998, 2000).
STING/AUBERGINE in Drosophila is involved in transla-
tional control in the polar granules (Harris and Macdonald,
2001; Schmidt et al., 1999) while dAGO1 mutants have
diverse defects including nervous system malformations
(Kataoka et al., 2001). Both are defective in post-transcrip-
tional silencing and RNAi (Pal-Bhadra et al., 2002; Williams
and Rubin, 2002). In plants, mutants in four AGO1-like genes
have been described—ARGONAUTE1 (AGO1) (Bohmert et
al., 1998), PINHEAD/ZWILLE (PNH/ZLL) (Lynn et al.,
1999; Moussian et al., 1998), AGO4 (Zilberman et al., 2003)
and ZIPPY (ZIP) (Hunter et al., 2003; Peragine et al., 2004).
The mutant phenotypes of the first two closely related genes
have aspects in common (loss of stem cell maintenance and
failure of axillary meristem formation) and the two proteins
are partially redundant (Lynn et al., 1999). Only AGO1 is
required for PTGS (Morel et al., 2002) but it may obscure a
role for PNH/ZLL as it is expressed more widely (Lynn et al.,
1999). AGO4 is required for silencing of a small class of
transposons (Zilberman et al., 2003) and ZIP for juvenile–
adult transition in vegetative development (Hunter et al.,
2003).
Members of the AGO-family are large proteins (115 kDa
AGO1) with diverse N-termini and highly conserved C-
termini. A 300 amino acid stretch of the C-terminus (the
PIWI domain) is required for the cleavage of the target
mRNA, while the more central PAZ domain is a 110 amino
acid region also found in DICER, which binds the ends of
small RNA (Cerutti et al., 2000; Lingel et al., 2003; Liu et
al., 2004; Song et al., 2003, 2004; Yan et al., 2003). We
have characterized an allelic series of ago1 with mutationsin each of these domains (Kidner and Martienssen, 2004).
ago1-10 (Figs. 1A, F) is the strongest allele and is predicted
to result in the loss of two thirds of the protein and almost
all the conserved residues. ago1-9 is a slightly weaker allele
with a premature stop codon at amino acid 404. ago1-11
(Figs. 1B, F) has an A to T conversion at the splice acceptor
site of intron 14. This leads to mis-splicing and exon
skipping generating a variety of transcripts disturbing the
PIWI domain (Fig. 1G). ago1-12 has a C to T conversion at
nucleotide 2414 in the mRNA that leads to the replacement
of a histidine residue with a leucine residue in the PIWI
domain (Fig. 1F). This histidine residue is conserved in all
members of the AGO1 family (Kidner and Martienssen,
2004). We have used this allelic series to investigate the role
of AGO1 in plant development.Materials and methods
Growth conditions and plant material
dandelion (dnd) was isolated from a transposon muta-
genesis population in Landsberg erecta (Bhatt et al., 1996).
During screens of our enhancer and gene trap lines (also in
Landsberg erecta) (Sundaresan et al., 1995), an untagged
mutation was found identical in phenotype to dnd-1 and
proved to be allelic (dnd-2). A second untagged mutation
with a much weaker phenotype was also found in the gene
trap lines. This proved to be allelic to dnd-2 and was named
dnd-3. The dnd alleles were mapped using CAPS markers
to chromosome 1 at about 70 cM. The strong alleles closely
resembled the phenotype of ago1 which also mapped to this
area and proved to be allelic. Though the name DND has
priority, AGO1 is in such common use that we have
renamed dnd-1 to dnd-4, ago1-9 to ago1-12.
All mutant and transgenic lines were analyzed in the
Landsberg erecta background. apetala1-1 (ap1-1), clav-
ata3-2 (clv3-2), wuschel-1 (wus-1), shootmeristemless-2
(stm-2), unusual floral organs-2 (ufo-2), leafy-26 (lfy-26),
asymmetric leaves1-1 (as1-1) and agamous-1 (ag-1) were
obtained from the Arabidopsis Biological Resource Center
(ABRC). ago1-9 was kindly provided by Caroline Dean,
stm-11 by Kathy Barton, cuc1-1 and cuc2-1 by Mitsoukko
Aida, clf-1 by Justin Goodrich and the transgenic lines
DW150-1 (UFOPromoter:GUS and DW 228 (LFYPromo-
ter:GUS) by Detlef Weigel.
Seedlings were grown on germination medium contain-
ing 1 MS salts (Gibco), 1% sucrose and 0.5% phytagel
(Sigma). Soil grown plants were grown in Metromix 200
(Scotts) supplemented with 14-14-14 Osmocote (Scotts) at a
rate of 2.65 kg/cm3 and Marathon systemic insecticide
(Olympic) at a rate of 0.88 kg/cm3. Plants were grown at
228C in 24 h light (200 microeinsteins/m2/s). LFYPromo-
ter:GUS and UFOPromoter:GUS seedlings were selected
on germination medium containing kanamycin (50 Ag/ml)
and 0.7% agar instead of phytogel.
Fig. 1. AGO1 is required for meristem function. (A–B) 6 week old plants (A), ago1-10 (B) ago1-11. Scale bar + 5 mm. (C) SEM of ago1-9 7 day old seedlings
showing the shoot-apical-meristem-less phenotype. (D, E) Thin sections of wild type (D) and ago1-10 (E) 3 day old meristems. ago1 meristems are 1.5 to 2
wider than wild type. Scale bar = 50 Am. (F) The position of the mutations in AGO1 described here. The dark bar in the PAZ domain shows the exon skipped in
some transcripts of the ago1-1 allele. (G) RT-PCR of the first section of the PAZ domain from wild type and ago1-11 total RNA.
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The ago1-9 allele was identified using forward primer
tttggaggggaaacaatcag and reverse primer ggccttcaacaatcttg-
cat. The PCR product of the wild type allele but not the
mutant could be digested with EcoN1. ago1-11 was
identified using forward primer taggcaggagctcattcagg and
reverse primer cggatggcatcaagttcata; an extra Bsr1 site
occurs in the PCR product from the mutant allele. stm-2 was
identified using forward primer ggatctagagtctgctcgtcct and
reverse primer atttgtagtgacggctccat; the PCR product of the
wild type but not the mutant allele could be digested with
Aci1. stm-11 was identified using the method provided by
Kathy Barton—using forward primer gggcttgatcaattcatg-
gaagcttactgtgaaatgctcgtgcagtatgag and reverse primer
ccctagtaacaaccatcaaag; only the PCR product of the wildtype allele could be digested with Mwo1. lfy-6 and ufo-13
alleles were identified using CAPS markers (http://
www.weigelworld.org/resources/mutants/caps).
Microscopy
Plants were vacuum infiltrated and fixed overnight at 48C
in 2.5% gluteraldehyde, 100 mM NaPO4 buffer pH 7.0,
dried in an ethanol series with the final step overnight. They
were then either embedded in JB4 or critical point dried
using an autosamdri then gold coated. SEM specimens were
viewed with a Hitachi S-3500N SEM using a beam voltage
of 15 kV. For light microscopy, 5 Am sections were cut and
stained with Toluidine Blue. Sections were photographed on
a Leica DMRB. Whole plants were photographed on a Leica
WILD M40.
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GUS staining was carried out using a substrate solution
containing 100 mM NaPO4 pH 7, 10 mM EDTA, 0.1%
Triton X-100, 0.5 mg/ml 5-bromo-4-chloro-3-indolyl b-d
glucuronic acid (X-Gluc), 2 mM each of potassium
ferricyanide and potassium ferrocyanide.
Molecular biology
DNA extraction and manipulation were carried out using
standard protocols (Sambrook et al., 1989). RT-PCR was
carried out using total RNA from 21 day old plants and the
Qiagen Onestep kit. Products were sequenced or probed
with cDNAs to confirm their identity. Primers for AS1 were
ggaagttgctcttgagtttgg forward and acttccctaaccgctttgccg
reverse, for ERECTA (ER) were atctgcgaggtaatcgcttg
forward and caggaagccgatgtcaaaag reverse, for AG were
tgaggaaatctgggagagga forward and tctgaaatcgactacatgcagaa
reverse, for AP1 were tctctgtgatgctgaagttgc forward and
ggagctcattgatggactcg reverse, for FILAMENTOUS
FLOWER (FIL) were gtttgttcaccggaccactt forward and
ttcttggcagcagcactaaa reverse, for CLF were gggaatgtgacc-
cagatgtt forward and agctcgatctggctcatacc reverse.Results
AGO1 is required for stem cell function
About one in ten ago1-9 and ago1-10 seedlings lack
post-embryonic organs (7.5% ago1-9 N = 198, 9.6%
ago1-10 N = 228) (Fig. 1C), and about 1% of the
seedlings have a single radial organ. However, once the
shoot apical meristem is fully established, an increase in
size is seen. ago1-10 meristems are approximately 1.5
the size of wild type (Figs. 1D, E). This may be due to
an increase in the size of the peripheral zone as
CYP78A5 (a cytochrome P450 that marks the peripheral
zone) is over and ectopically expressed in ago1-10
(Zondlo and Irish, 1999). Axillary meristems are also
lacking in these strong alleles. The mutants do not
survive well on soil and even on plates up to 90% of the
mutants have died 6 weeks after germination.
AGO1 acts in the same pathway as STM
STM is required for maintenance and elaboration of the
shoot apical meristem (Barton and Poethig, 1993). AGO1
and PNH/ZLL are together required for accumulation of
STM protein (Lynn et al., 1999). We examined the effect of
reduction in STM function on a weak ago1 allele (ago1-11)
by generating double mutants with a weak stm allele (stm-2).
stm-2 single mutants fail in meristem initiation but most
plants produce organs from axillary meristems. These
meristems are often determinate and produce fused organs(Clark et al., 1996; Endrizzi et al., 1996). Consistent with
their linkage on chromosome 1, F2 families from ago1-11/+
X stm-2/+ included 10% ago1 seedlings with enhanced
phenotypes: half of these (20/401) never produced organs,
while the other half (19/401) had narrower leaves and
flowers replaced by filaments, resembling those of strong
ago1-9 and ago1-10 mutants (Figs. 2A, B, C). Genotyping
confirmed both groups were ago1-11/ago1-11; stm-2/stm-2.
In a recombinant F3 family, both phenotypes were observed,
and all ago1-11;stm-2 with functional meristems had narrow
leaves. ago1-11 was also crossed to a stronger stm allele—
stm-11. Double mutants have cotyledons resembling ago1-
11 and no SAM (data not shown). Synergism between weak
but not strong alleles indicates that ago1 and stm lie in the
same pathway promoting meristem initiation.
The interaction between AGO1 and STM in organ
development and meristem maintenance is not as clear-
cut. ago1-11 suppresses the meristem maintenance defects
and organ fusion seen in stm-2. This may be due to the
larger meristem size of ago1 mutants. No organ polarity
defects have been seen in stm mutants so the enhance-
ment of the polarity defect in ago1-11; stm-2 double
mutants must be due to a requirement for STM in an
ago1 mutant background.
stm-1 seedlings eventually produce leaves in 14–32%
homozygous mutants, and this proportion is increased to
61–85% in double mutants with clavata3-2 (clv3-2) which
causes an increase in the size of the SAM (Clark et al.,
1996). clv3-2 did not ameliorate the SAM initiation defect
in ago1, as 5.8% (N = 69) ago1-10; clv3-2 double mutants
lacked a SAM (P = 0.284). Otherwise, the phenotype was
additive or weakly synergistic: ago1-10; clv3-2 double
mutants had extremely fasciated meristems while ago1-11;
clv3-2 double mutants had fasciated meristems and ectopic
carpels inside the fourth whorl (Figs. 2D and E). CLV genes
regulate meristem size via the homeobox protein
WUSCHEL (WUS) (Schoof et al., 2000). WUS is expressed
in a small group of underlying stem cells, maintaining them
during post-embryonic growth independently of STM
(Gallois et al., 2002; Lenhard et al., 2002). In crosses
between wus-1 and the weak ago1-11 allele, 25% (20/80) of
ago1-11 seedlings fail to form meristems at 2 weeks (Fig.
2F) but by 4 weeks most of these have recovered meristem
function to produce erratic leaves, as wus does (14/61 total
surviving ago1-11 plants), although some (2/61) remain
meristem-less or produce a single pin organ (1/61) (Fig.
2G). Taken together, these results indicate that the CLV/
WUS pathway is still functional in both weak ago1-11 and
strong ago1-10.
CUC1 and CUC2 are redundant factors required to
specify boundaries between organs and positively regulate
STM, double mutants have fused cotyledons and form no
SAM (Aida et al., 1997, 1999; Hibara et al., 2003). CUC2
is positively regulated by ectopic PNH/ZLL in a pnh
background (Newman et al., 2002) and is a target of
regulation via miR164 and AGO1 (Laufs et al., 2004;
Fig. 2. AGO1 affects meristem function via STM. The weak allele ago1-11 forms short broad leaves and flowers (A). Weak ago1-11/weak stm double mutants
show an enhanced ago1 phenotype (B). Leaves are narrower and the inflorescence fails to form flowers as in ago1 alone (C). Strong alleles of ago1 are largely
additive to clv3-2 (D). cuc1 and cuc2 are epistatic to ago1-9 in meristem function. The double mutants have fused cotyledons and no SAM function. wus
shows some enhanced loss of SAM function in a weak ago1 background. Four week old double mutants occasionally remain SAM-less producing nothing at
the meristem (F) or a single pin (G).
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and cotyledons in ago1-10; cuc1; cuc2 triple mutants
resemble ago1-10, but the cotyledons are fused and no
SAM is formed. In this respect, they resemble cuc1; cuc2
double mutants (Fig. 2E) and so it is possible that the
effect of ago1 on STM is mediated via CUC1 and CUC2.
No other novel phenotypes were seen in these populations,
therefore, ago1-10 is epistatic to the weak organ fusion
effects seen in cuc1/cuc1; cuc2/+ and cuc2/cuc2; cuc1/+
plants.
ASYMMETRIC LEAVES1 (AS1) is negatively regulated
by STM, so that expression is restricted to the leaves (Byrne
et al., 2000). as1 leaves ectopically express KNOX genesand develop lobes and ectopic meristems (Fig. 3A, Byrne et
al., 2000; Ori et al., 2000). This lobing is enhanced in a weak
ago1 background and sepals develop serrations not seen in
as1 single mutants (Figs. 3B, C, D). Cotyledons are also
more cupped than in ago1-11 alone (Fig. 3E, compare to
Figs. 1B and 2A). Strong ago1 mutants are also enhanced by
as1, as double mutants are mostly shoot meristem-less (Fig.
3F). By contrast, as1 rescues the shoot meristem-less
phenotype of stm by deregulating its homolog BREVIPE-
DICELLUS (BP) (Byrne et al., 2002). Therefore, the loss of
meristem function in ago1 cannot be rescued via BP and
cannot solely be mediated by loss of STM function. ago1-10
is epistatic to in bp (data not shown).
Fig. 3. AGO1 affects targets of AS1 regulation. The lobing in an as1 mutant is enhanced in a weak ago1 background. as1 single mutants produce leaves with
mild lobing (A), in an ago1-11 background this lobing is increased (B) and serrations are observed on sepals (D) which are not seen in the single as1 mutant
(C). Cupping of the cotyledons is also seen (E). In a strong ago1 background, meristem function is lost (F). Expression of GT7953 shows that the AS1 target is
expressed in ago1 meristems but not leaves (G) and is expressed even in non-functioning ago1 meristems (H). ET264 is expressed in the meristem of wild type
plants (I) and is over expressed though not ectopically expressed in ago1 (J).
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KNAT2 and the putative RNA binding protein RBP47, are
disrupted by gene trap (GT7953) and enhancer trap (ET264)
insertions, respectively. They are not expressed ectopically
in ago1 leaves, as they are in as1 (Byrne et al., 2000, 2002;
Lin et al., 2003) (Figs. 3G–J) and neither is AS1 itself (Fig.
4), but ET264 is upregulated in the ago1 meristem and
KNAT2 is still expressed in ago1 seedlings without leaves
(Figs. 3G–J).
AGO1 is not required for control of flowering time
Over expression of the miRNA172a results in a
decrease in the number of leaves produced before flower-
ing due to its effects on the expression of TOE—a member
of the AP2-like family (Aukerman and Sakai, 2003; Chen,
2004), but no defect in number of leaves produced beforeFig. 4. Transcript accumulation of genes affected by AGO1. Total RNA
from 21 day ago1-9 and wild type sibs was diluted to 100 ng, 10 ng, 1 ng
and 0.1 ng/Al and used for RT-PCR. ER = ERECTA, AS1 = ASYMMETRIC
LEAVES1, AG = AGAMOUS, AP1 = APETALA1, CLF = CURLY LEAF.flowering was seen in ago1-9 (ago1-9 7.2 F 1.31,
Landsberg erecta 7.5 F 1.31). Either other defects in
ago1 are epistatic to the loss of miR172a mediated TOE
regulation or the miR172a pathway is independent of
AGO1.
ago1 is required for floral meristem identity
The strong allele ago1-10 has radial tapering cauline
leaves and the inflorescence meristem produces rods 1–3
mm long (Fig. 5A). A large number of these rods are
formed (mean = 45, SD 11.78, 45 day old seedlings) in a
spiral phyllotaxy. Rarely, they develop into flowers or
floral organ primordia (3.8% of plants N = 194)
indicating they are reduced flowers. ago1-9 is weaker
than ago1-10 and produces flowers on most (92%) plants
(N = 94) (Fig. 5B).
Bifurcated organs (forks) occur in the inflorescence in
both strong alleles. The forks are oriented parallel to the
apical/basal axis, and in ago1-9, the apical fork on later
organs forms a flower (Fig. 5C). The identity of the
lower fork is not clear, but it may be a bract. AP1
transcript levels are strongly reduced in ago1-10 plants
(Fig. 4) and ap1 mutants form bracts. During floral
development, AP1 negatively regulates AGL8/FRUIT-
FULL(FUL) which controls fruit and leaf development
(Gu et al., 1998; Mandel and Yanofsky, 1995). Enhancer
trap ET3214 is inserted in the 5V untranslated region of
FUL and is highly over expressed in ago1 (Figs. 5D, E).
ago1-10 and ago1-11 are epistatic to this insertion in
FUL.
Fig. 5. Floral meristem identity defects are observed in ago1 flowers. ago1-10 produces rods rather than flowers (A), the slightly weaker ago1-9 produces
flowers (B). (C) ago1-9 inflorescence showing forked organs. ET3214 is inserted in the FUL gene and is expressed in the hydathodes of young leaves (D). In
ago1-10, it is highly over expressed in the leaf and cotyledon (E). lfy-26/ago1-11 double mutants produce filamentous organs or rods instead of flowers (F). In 7
day seedlings, LFYPromoter:GUS expression is missing from ago1-10 seedlings (right) (G). By 21 seedlings LFYPromoter:GUS expression is visible in the
meristem of ago1-10 seedlings (H) but it is at a lower level than in wild type (I).
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LFY is required for meristem identity and the flowering
transition, and mutants form leaves instead of floral organs
(Blazquez et al., 1997; Parcy et al., 1998; Weigel et al.,
1992). A strong allele of ago1 (ago1-10) is epistatic to lfy-
6 (data not shown); however, a weak allele (ago1-11)
shows a strong synergistic interaction (Fig. 5F). ago1-11;
lfy-6 double mutants resemble ago1-11 in their vegetative
development, but the inflorescence resembles that of a
strong ago1 allele in that rather than leaves as in lfy alone,
only short filaments are produced. This suggests that LFY
is required for AGO1 function in the inflorescence.
LFYpromoter:GUS fusions are expressed in the meristem
of wild type plants 7 days after germination (Blazquez et
al., 1997) but not in ago1-10 seedlings (Fig. 5G). 21 days
after germination, expression is visible in ago1-10
meristems but at a lower level than in wild type sibs
(Figs. 5H, I).Unusual Floral Organs (UFO) is required for organ
identity, establishment of boundaries between organs and
the regulation of floral homeotic genes. Mutants have fused
floral organs and defects such as ovules on sepals and
petaloid stamens (Lee et al., 1997; Levin and Meyerowitz,
1995). In double mutant combinations of ufo with lfy, clv1
and clv3, dfilamentsT are formed in place of floral
primordia that lack correct positional information (Levin
and Meyerowitz, 1995). These filaments resemble those
seen in ago1-9 and ago1-10, so we made double mutants
of ufo-13 with the strong ago1-10 and weak ago1-11
alleles.
ago1-10 is epistatic to ufo-13 (data not shown); ago1-11;
ufo-13 double mutants, however, have a novel phenotype.
These plants resemble ago1-11 in their vegetative develop-
ment but their inflorescences have more severe organ
identity defects than ufo-13 alone, in which organ identity
defects are confined to the floral organs. In the double
mutant, flowers were replaced by whorls of flattened organs
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structures that could be petals or filaments (Figs. 6A,–C).
Cauline leaves also had enations and ectopic ovules (Fig.
6B).
The expression pattern ofUFO in an ago1-10 background
was examined using UFO promoter:GUS fusions. In most
ago1-10 plants, reporter gene expression resembled that of
wild type (Figs. 6D, E). However, in 8% of torpedo stage
embryos, expression was lost from the meristem, as it was in
the majority of SAM-less seedlings (Fig. 6F). However, in
some shoot meristem-less ago1-10 plants, GUS expression
re-appeared in a stripe between the cotyledons (Fig. 6G).
This is similar to the expression of KNAT2:GUS fusions in
SAM-less ago1-10 (Fig. 3H) and reveals that the loss of
meristem function in these plants is independent of or
downstream of UFO and KNAT2 regulation.
The novel phenotypes generated by double mutants
between ufo or lfy and weak, but not strong, ago1 allelesFig. 6. UFO function but not expression requires AGO1. ago1-11/ufo-2 double mu
on the abaxial side of cauline leaves (B). Flowers are replaced by flattened structu
14 day wild type (D) and ago1-9 seedlings (E), it is missing in some SAM-less a
function (H).suggest that AGO1, LFY and UFO act in the same pathway.
LFY promoter activity depends on AGO1, which may
control its expression via a target transcriptional activator.
In contrast, UFO expression is normal in ago1 meristems.
As UFO function depends on LFY (Lee et al., 1997), loss of
LFY expression in ago1 may contribute to the enhanced ufo
phenotype.
A role for AGO1 in gametophytes and early embryos
Strong alleles of ago1 have a segregation defect. Only
12.4% (F8.7%) and 15.6% (F8.0%) mutants are found in
the progeny of ago1-9/+ and ago1-10/+ self-pollinated
plants, respectively, although there is no embryonic or
germination defect in freshly harvested seed. When ago1-10
was back-crossed to wild type, progeny tests revealed that
nearly 30% fewer ago1-10 gametes were transmitted
through the male (Table 1), indicating a requirement fortants (A) show an enhanced organ identity defect. Enations and ovules form
res with ovules on the adaxial side (C). UFOPromoter:GUS is expressed in
go1-10 seedlings (G) but is expressed in other ago1-10 without meristem
Table 1
Inheritance of the ago1-10 allele from the female and male parents by F1
plants
ago11-10 Parent allele N. F1 Plants P valuea
Female ago1-10 79 0.810
+ 76
Male ago1-10 69 0.017
+ 100
a P value calculated by a Chi-squared test with one degree of freedom
taking 50% to be the expected proportion of F1 plants carrying the ago1
allele.
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female is not significant, but a poorly penetrant embryo
lethal effect may explain the loss of an extra 20% of
expected ago1 seedlings.
clf can partially rescue the ago1 inflorescence
CLF is a polycomb group protein required to maintain
repression of both KNOX genes and the homeotic genes AG
and APETALA3 (AP3) in vegetative leaves (Goodrich et al.,
1997; Katz et al., 2004). Mutations in CLF lead to a small,
early flowering plant with upwardly curled leaves and
homeotic defects in the flowers (Goodrich et al., 1997).
Double mutants of clf-2 and ago1-9 show a novel pheno-
type—they all produce flowers (Fig. 7A). The flowers differ
from both ago1-10 and clf alone. Sepals are clearly
distinguishable but petals and stamens are small, radial andFig. 7. clf partially rescues the ago1-9 inflorescence but not by modifying AG. a
flowers are formed (A). The flowers (B) have fewer organs, carpels are very redu
distinguished. ago1-10 flowers are usually determinate (C), in an ag-1 backgroun
ago1-11 flowers (E) also become indeterminate in an ag-1 background (F), formi
and sepal-like organs (H).fewer than in wild type. Carpels are very reduced—usually no
more than a bump in the center of the flower. Ovules are
occasionally formed in the center of the bump (Fig. 7B). As in
ago1-11, the ovules show adaxial/abaxial defects resembling
short integuments (sin1), an allele of dcl1. clf does not affect
all aspects of the ago1 phenotype. clf does not rescue the loss
of meristem function in ago1-10 (4.9% ago1; clf with no
SAM N = 41) and in leaves the double mutants have slightly
curly leaves, suggesting that the mutations are additive in
vegetative tissues.
We considered two possible explanations for the partial
rescue observed in clf ago1 mutants. The ago1 floral
defect may be due to a lack of AG expression that is
restored in the clf mutant. We used RT-PCR to examine
the level of AG transcript in ago1-10 and wild type plants
(Fig. 4) AG expression is five to ten times lower in ago1-
10 than in wild type, consistent with the lack of flowers.
However, double mutants with ag-1 and both strong and
weak alleles of ago1 are additive (Figs. 7C–H). Like ag-1
mutant flowers, ago1-9/ag-1 flowers are indeterminate.
Sepals are followed by whorls of reduced organs (Figs.
7C, D). ago1-11/ag-1 flowers are also indeterminate and
form two different types of organs in successive whorls
(Figs. 7E, F). The first whorl of sepals is followed by a
whorl of shorter, broader organs with isodiametric epi-
dermal cells (Fig. 7G). The third whorl forms longer,
narrower organs with elongated epidermal cells resembling
those seen on sepals (Fig. 7H). Whorls interior to thesego1-9 alone forms rods instead of flowers (Fig. 5A), in a clf background,
ced but one or two ovules are formed. Petals and stamens cannot be clearly
d, they become indeterminate (D), forming rows of undifferentiated organs.
ng many whorls of organs including undifferentiated organs, petal-like (G)
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organs probably correspond to sepals and petals and
confirm that ag-1 is additive with ago1. If low AG levels
were responsible for the lack of flowers in ago1-10, then
ago1-11; ag-1 double mutants would be expected to
produce only reduced ago1-10-like flowers. Thus, AG still
functions in ago1 mutants and is likely not responsible for
the flowering defect.
The second explanation we considered was that CLF
itself might be mis-regulated in ago1. RT-PCR showed
that CLF expression is five to ten times higher in the
absence of functional AGO1 (Fig. 4). Thus, higher CLF
expression may be responsible for the loss of flowering
in strong ago1 mutants.Discussion
The role of RNAi in plant development
The discovery of miRNAs corresponding to many
developmental regulators suggests that the RNAi pathway
is early in the gene cascade controlling plant form and
growth. Effects are pleiotropic and include meristem
function, organ boundary formation, organ polarity and
growth, flowering time, hormonal regulation and meristem
identity. Double mutants reveal that the pleiotropic pheno-
type of ago1 is due to effects on multiple pathways and their
interconnections. We also identify limitations AGO1’s role
suggesting that other members of the AGO family are
involved in miRNA-directed regulation of different devel-
opmental pathways.
AGO1 is required for meristem function
Meristem maintenance and STM expression are only
affected in 10% of strong ago1 seedlings, while in mature
ago1 the stem cells persist and the meristem actually
increases in size. Similarly, pnh has only sporadic stem cell
maintenance defects and is redundant with ago1 for STM
accumulation in the embryo. This suggests that AGO1 and
PNH are required for the accumulation of STM protein in
the embryo but not in the established SAM (Lynn et al.,
1999). stm strong alleles are epistatic to the strong allele
ago1-10 in meristem function and weak alleles are
enhanced in ago1, supporting a positive effect of AGO1
on STM function. This effect could be direct, although
miRNA corresponding to STM have not been identified
(Jones-Rhoades and Bartel, 2004; Llave et al., 2002a;
Reinhart et al., 2002). It is likely, therefore, that AGO1
affects STM function indirectly. The ago1 meristem defect
is enhanced by as1, while that of stm is rescued, indicating a
role for AGO1 in meristem function independent from loss
of STM. One candidate for this STM-independent pathway
is the WUS/CLV pathway, but this is still active in ago1
indicating that it plays a minor role. The AGO1 homologPNH/ZLL has similar effects; loss of meristem function in
pnh/zll is enhanced by wus dosage, and clv3 has a weak
effect on meristem size in a zll-3 mutant background though
it does not rescue all the loss of meristem function
(Moussian et al., 2003).
AGO1 and PNH/ZLL may act through CUC1 and CUC2,
which redundantly specify boundaries in the meristem (Aida
et al., 1997) and promote meristem function via STM (Aida
et al., 1999). cuc1; cuc2 double mutants are partially
rescued by as1, and 35S:CUC1 is enhanced, even in as1;
stm doubles (Hibara et al., 2003), which may implicate a
redundant role for BP (Byrne et al., 2003). miRNA that
match CUC2 have been identified in Arabidopsis and rice
(Reinhart et al., 2002) and shown to be required for
regulation of CUC2 and redundant genes at organ bounda-
ries (Laufs et al., 2004; Mallory et al., 2004a). CUC2 is over
expressed in ago1-3 (Vaucheret et al., 2004), however,
elevated levels of CUC2 in ago1 would be expected to
rescue weak stm, rather than enhance it. We have found that
cuc1;cuc2 double mutants do not ameliorate the phenotype
of ago1, and neither pnh/zll nor ago1 produce the ectopic
meristems seen in 35S:CUC1 (Hibara et al., 2003). In fact,
CUC2 can be positively rather than negatively regulated
when PNH/ZLL is placed under the FIL promoter and is
ectopically expressed in the cotyledons, and in this case the
ectopic CUC2 expression does not induce meristems
(Newman et al., 2002). miRNA may direct CUC2 cleavage
in some but not all cells depending on the dosage of AGO1
and PNH/ZLL.
Another possibility is that AGO1 regulates meristem
function via the homeodomain-leucine zipper (HD-ZIP III)
gene family members PHABULOSA, PHAVOLUTA and
REVOLUTA. These genes determine adaxial fate in lateral
organs such as leaves and are down-regulated in the abaxial
domain by miR165/166 (Emery et al., 2003; Juarez et al.,
2004; Kidner and Martienssen, 2004; Mallory et al., 2004b;
McConnell et al., 2001; Mchale and Koning, 2004).
However, all 3 genes are also expressed in the meristem,
and triple mutants fail to form cotyledons and leaves (Emery
et al., 2003). AGO1 is required both for miRNA-regulated
cleavage of PHB transcripts in the abaxial domain of the
leaf and for correct localization of the miRNA itself (Kidner
and Martienssen, 2004). Mislocalization of miR165 in the
ago1 meristem might therefore contribute to meristem
defects, accounting for the resemblance of phb; phv; rev
triple and ago1; rev double mutants which fail to form
lateral organs and lack differentiated meristems (Kidner and
Martienssen, 2004).
AGO1 is required for meristem identity
In strong ago1, alleles organs in the inflorescence lack
floral identity, while weak ago1 enhances the organ identity
defect in ufo and is itself enhanced by lfy. LFY is required
for UFO function, and both are downstream of STM (Lee et
al., 1997; Long and Barton, 1998). Consistent with these
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identity in weak ago1 resulting in strong ago1-like drodsT
instead of flowers (Figs. 2B, C). Promoter GUS fusions
show that UFO is expressed in ago1, but LFY expression is
late and weak so that the effect of weak ago1 on ufo may be
mediated by LFY. Atmyb33 is an myb domain transcription
factor thought to be a positive regulator of LFY expression
(Gocal et al., 2001) and is regulated by miR159 (Achard et
al., 2004). miRNA have also recently been found that match
several F-box genes including At2g27340, which is a
homolog of UFO (Jones-Rhoades and Bartel, 2004). While
each gene may contribute to the interaction, elevated levels
in ago1 might be expected to suppress rather than to
enhance ufo and lfy, and Atmyb33 and At2g27340 mRNA
actually accumulate at close to wild-type levels in ago1
(data not shown; M. Ronemus. M. Vaughn and R. M.). It is
possible that alterations in miRNA accumulation and
distribution result in reduced message levels in specific cell
types (Kidner and Martienssen, 2004; Vaucheret et al.,
2004).
eat-D miRNA mutants (over expression of miR172a)
have an average of 3 rosette leaves, compared to 11 in wild
type (Aukerman and Sakai, 2003). Developmental timing
defects are also seen in RNAi mutants hyl1, hen, sgs3 and
sgs2/sde1/rdr6 although they are not as severe, but ago1
mutants have normal leaf number (Boutet et al., 2003; Han
et al., 2004; Hunter et al., 2003; Lu and Fedoroff, 2000;
Park et al., 2002; Peragine et al., 2004; Vazquez et al.,
2004). This suggests that one or more of the other 11 AGO
family members in Arabidopsis is (also) required. Only four
of these genes have been found to have distinct phenotypes
so far (Bohmert et al., 1998; Hunter et al., 2003; Lynn et al.,
1999; Moussian et al., 1998; Zilberman et al., 2003). zip
does show defects in heterochronic timing, but this does not
include changes in leaf number (Hunter et al., 2003).
AGO1 is also required for full AP1 expression and ago1
has ap1-like bracts, although they are severely reduced.
This is consistent with AP1 being downstream of LFY
(Parcy et al., 1998). An alternate possibility is regulation of
AP1 expression by Squamosa Promoter-binding-like (SPL)
proteins. Several members of this gene family have matches
to miRNAs (miR156, miR157) including SPL3 which has
been shown to bind the promoter of AP1 in vitro (Cardon et
al., 1997, 1999). The genes SPBL2, 10, 11 and 3 are all
upregulated in an ago1 background (Vaucheret et al., 2004;
M. Ronemus, M. Vaughn and R. M.). Intriguingly, this gene
family includes maize liguleless1 which is required for
dorsoventral patterning in leaves, also defective in ago1
mutants (Kidner and Martienssen, 2004; Moreno et al.,
1997).
RNAi and chromatin modification
Although AP1 and AG are downregulated, neither
mutant enhances weak ago1. On the other hand, clf mutants
partially rescue inflorescence meristem identity, and wehave observed CLF over expression in ago1. This could
contribute to the meristem defect as CLF represses class I
KNOX genes including KNAT2 and STM, at least in the leaf
(Katz et al., 2004).
Alternatively, CLF and AGO1 could both be acting
through chromatin modification. PTGS is accompanied by
DNA methylation and in some cases TGS (Matzke et al.,
2001; Vance and Vaucheret, 2001). A recent paper has
associated miRNA regulation of PHB and PHV with
methylation of the coding sequence (Bao et al., 2004).
Polycomb group genes are required for PTGS as well as
TGS in Drosophila (Pal-Bhadra et al., 1997) and some
polycomb-group genes in C. elegans are required for RNAi
when large amounts of dsRNA are employed (Dudley et al.,
2002). SET domain proteins methylate histones, and histone
methylation is guided by RNAi in the fission yeast S. pombe
(Volpe et al., 2002). Thus, CLF and AGO1 may both affect
chromatin modification, resulting in novel patterns of
homeotic gene regulation.
Polycomb group genes are involved in cellular memory,
and RNAi-mediated chromatin modification provides an
attractive mechanism for programming this type of memory.
If miRNA acts as a short-range positional signal to establish
cell fate early in development, it could also program
chromatin related mechanisms to maintain transcriptional
silencing later. This could maintain the developmental
pattern in the absence of the positional signal, allowing
plants to grow well beyond the limited range of signal
diffusion.
Finally, stem cell phenotypes are common to mutants in
the ARGONAUTE family in animals as well as in plants
(Carmell et al., 2002) However, targets of miRNA appear to
be completely different. If these stem cell phenotypes are in
fact comparable, it is possible that it is the siRNA pathway
rather than the miRNA pathway that is responsible. A strong
candidate for siRNA regulation would be pericentromeric
repeats, which are transcribed in both plants and animals
(Lehnertz et al., 2003; B. May, Z. Lippman and R.M. and are
required for centromere function, at least in yeast (Volpe et
al., 2002). Interactions between meristem activity genes and
control of cell division via pericentromeric repeats might then
account for at least some aspects of the phenotypes reported
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